INTRODUCTION
Granular deposits of immunoglobulin (Ig) demonstrable by immunofluorescence in the glomeruli ofman and animals with glomerulonephritis are generally re-_ garded as evidence of an immunologically mediated disease resulting from the deposition of immune complexes (IC).1 Deposits are believed to result from two mechanisms: glomerular trapping of circulating soluble IC (1-4), or in situ formation of immune deposits by fixation of antibody (Ab) to structural (5) (6) (7) (8) (9) or planted This work was presented in part at the 13th Annual Meeting of the American Society of Nephrology, Washington, D. C., 23-25 November 1980 .
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'Abbreviations used in this paper: Ab, antibody; Ag, antigen; BGG, bovine gamma globulin; IC, immune complex; PBS, 0.01 M phosphate-0.15 M NaCl, pH 7.0-7.5; RGG, rabbit gamma globulin.
(10, 11) glomerular basement membrane antigens (Ag). Some diseases are characterized by deposits only in subepithelial sites, while in others, subendothelial and/or mesangial deposits predominate. The factors that determine the sites of IC localization are poorly understood. Repeated studies in experimental animals given intravenous injections of preformed soluble IC (passive serum sickness) have shown that IC lodge predominantly in the glomerular mesangium and occasionally in subendothelial sites (12) (13) (14) (15) (16) (17) (18) (19) (20) . Localization in subepithelial sites of the glomerular basement membrane is exceptional (21) . On the other hand, injection of Ab to renal tubular Ag in the model of passive Heymann nephritis has resulted in deposition of Ab only in subepithelial sites immediately after injection (5, 6, 8) and in vitro perfusion of the kidney (7) . These observations have suggested that subepithelial deposits, such as those found in membranous glomerulonephritis in man and animals, formerly believed to result from the deposition of circulating IC, result instead from in situ binding of Ab to Ag.
Previous studies have documented the presence in the glomerular basement membrane offixed negatively charged sites (22, 23) which facilitate the penetration and binding of positively charged macromolecules while retarding the penetration of negatively charged ones (24, 25) . In the present study, the hypothesis that charge-dependent factors might influence the glomerular basement membrane localization of intravenously injected IC on a similar basis was Cheemical mizodificationi of BGG a titigetn. Anionization (26) of BGG was dcone by dissolving 500 img in 50 ml PBS, pH 7.0. Maleic anhydride (Fisher Scientific Co., Inc., Pittsburgh, Pa.), 1 gm, was added at 0°C; the pH was maintained at 7.0 with 2 N NaOH for 10 imin. The soluition was dialyzecl againist mutltiple changes of the samiie buffer, pfl 7.5. For cationiization (27) of BGG, 200 mg was dissolved in 2.5 ml of 0.01 NI NaCl at room temperatture. The solution was added to 4.4 ml of 2 M ethylenediamine (Fisher Scienitific Co., Inc) and adjuisted to pH 7.0 with 2 N HCI. While stirring, 400 mg of 1-ethyl-3-(3-dinmethylaminopropyl)carbodiimide-HCl (Pierce Chemiiical Co., Rockford, Ill.) was dissolved; the pH was maintained at 7.0 with 0.2 N fICI for 2 h. The reactioni mixture was kept overnight at room temperatuire in a stoppered flask, and then dialyzed against several changes of normlal saline.
Gel electrophoresis. The relative electrophoretic mobilities of the antigens and antibodies used to prepare IC were compared at pH 8.6 in agarose gels (Fig. 1 ).
Prel)aration ofit on mu ne comp)lexes. The equiivalence point of each fraction of rabbit Ab was determined by quantitative precipitation (28) In the 10 different interacting grouips tused (see above), the percentage of specific Al) to BGG in each RGG fraction raniged between 6 and 26%. The Ab/Ag ratio at equlivalence was 7.1 for group 1, which employed unaltered and unfocused Ab and Ag, and was lower in the other groups that ranged between 2.1 and 5.7. These lower ratios reflect the selection brouight about by isoelectric focusing and the loss of antigenic determinants by modification.
Ultracentrifugation of IC. Sizing of IC was performed l)y centrifugation through a 10-40% linear suicrose density gradient in PBS, pH 7.2, with a 60% sucrose cutshion. 
RESULTS
The restilts are summarized in Table I Striking differences were observed by immunofluoreseence in the amount and distribution of IC in the glomeruli of animals given electrophoretically heterogeneous or anionic IC compared to those given cationic IC. Granular deposits of both BGG and RGG were present in the mesangium but not in the peripheral glomerular basement membranes from mice given heterogeneous (grouip 1) or anionic (groups 2 and 3) IC ( Fig. 3a-d) . In contrast, in animials given the most cationic IC (groups 4-6), both BGG and RGG were bound in a diffuse, uniform, smooth pattern in all glomeruli along the peripheral basement membranes ( Fig. 3e and f) . The presence of both Ag and Ab in the same distribution in the glomerular basement membranes indicates that these were present as IC. This was trtue only when the IC were prepared with the chemically modified cationic Ag and fbcused cationic or neutral fractions of' Ab, or with the unfocused heterogeneous Ab (grouips 4-6) but not when IC were prepared with the focused anionic f'ractioin of Ab ( Fig.  3g and h; Table I, grouip 10). In the last case, IC deposition did not octcur since only BGG was fixed to the glomeruilar basement meml)ranes in a mianner simiiilar to that seen in cointrols (grouip 12) when noncomplexed cationic Ag was iinjected. The finding of BGG alonie in group 10 is explained by the fact that IC were prepared in Ag excess with somiie f'ree cationic Ag available for bindinig to the glomeruilar basement mlembrane. IC prepared with the focutsed catioinic fractionis of' Ag anid Al) (grouip 7) , with the heterogeneous uinfocutsed Ag and the focused cationici fractioin of Ab (grouip 8), or with the clhemically moldified anionic Ag aind the focused catioinie fractioin of'Ab (grouip 9) did not localize in the glomertular basement membane sinee neither BGG nor RGG was detectable there by imnmtniofluorescence. MNouse thircl comiiponient of coomplem11ent was not associated with the IC, which caII perhaps le attribluted to the fract that the IC uised were prepared in Ag excess; suich complexes are known to fix complement poorly.
It shouild be emphasized that the IC were prepared in Ag excess. In the limitinig case for a bivalent IgG Ab there wouild be two molecuiles of Ag per molecule of'Ab in the IC. The charge of'the Ag is, therefore, the miajor determinant of the net charge of the IC. The failure of the IC of grouips 7-9 to localize in the glomertilar base-ment membrane can thus be explained by their being, in aggregate, less cationic than those of groups 4-6, groups 7-9 not having been made with the most cationic Ag preparation, the chemically modified one.
BGG but not RGG localized in the tubular basement _L membranes only in mice given chemically modified cationic Ag either as ICs or as noncomplexed protein indicating that IC deposition did not occur at this site and that BGG was deposited there on the basis of positive charge alone. The staining was diffuse and generally smooth, but a fine granular pattern was discernible in tangential views (Fig. 4) . Ultrastructurally, there were no deposits in the glomerular basement membranes of mice given electrophoretically heterogeneous (group 1) or anionic (group 2) IC ( Fig. 5a and b) . In those given IC formed with the chemically modified cationic Ag (groups 4-6 and 10), deposits were present in subendothelial and subepithelial sites. In the latter location, deposits never _abutted on the overlying cell membrane. (Fig. 5c) . In mice given IC prepared with chemiiically modified cationic Ag and focused anionic FIGURE 3 Immunlofluorescence with fluorescein-labeled aniti-Ab, group 10, (g and h), there is no RGG in glomeruli (h) indi-BGG (left) and anti-RGG (right). Glomeruli from mice re-cating that IC deposition has not occurred. The localization ceiving IC prepared from heterogeneouis Ag and Ab, group 1, of BGG (3+) alone (g) is due to deposition of excess un-(a and b) or anionic Ag and Ab, group 2, (c and d) demon-complexed cationic Ag. x400.
Imnmune Complex Charge and Glomerular Localization complexed cationic Ag (group 12) presumably because there was less uncomplexed Ag available for binding to anionic sites in the glomerular basement membrane. Electron dense deposits in the tubular basement membranes ( Fig. 5f ; group 12) were due to binding of cationic Ag only as determined by the absence of RGG on immunofluorescence.
DISCUSSION
Our results provide the first evidence that passively administered IC can lead to diffuse and prominent deposition in the glomerular basement membrane on the basis of IC charge. This was demonstrated by the fact that cationic, but not anionic or native heterogeneous IC injected intravenously into mice, were heavily deposited in subendothelial and subepithelial layers.2 Differences in the size of the ICs are unlikely to have played a significant role since all preparations of IC sedimented in the same broad range of 9-25S and there were no distinct peaks whose presence or absence correlated with the ability to deposit in glomeruli. Previous attempts in the passive serum sickness model have generally failed to demonstrate convincingly that intravenously injected IC can deposit prominently in subepithelial sites (14) (15) (16) (17) (18) (19) (20) . Factors such as amount (14, 18, 19) , size (20) and affinity (18) , or modification of IC by reduction and alkylation (17) have generally had no effect on subepithelial glomeru- 2 In this paper, subepithelial layer or space is synonymous with the lamina rara externa of the glomerular basement membrane. lar basement membrane localization. In mice given low avidity complexes, subepithelial deposits have been described (21) (32) . The anionic sites in the glomerular basement membrane have been shown to bind lysozyme (22) , cationic ferritin (23, 25) , protamine (33) , and protamine-heparin complexes formed by perfusion with protamine followed by heparin (34) . These considerations suggested that charge interactions between the anionic sites and IC could be a basis for deposition.
To test this hypothesis, we used the model of passive serum sickness. Rabbits were used as a source of Ab because their response after hyperimmunization to foreign protein is largely IgG, and rabbit IgG appears not to contain subclasses. Thus, a differential distribution of subclasses in the various focused fractions should not complicate interpretations. BGG was chosen as the Ag for two reasons. It is readily available and has only two subclasses (35) ; IgGl and IgG2 were both present in all fractions used.
Two methods of varying net charge of IC were employed. Isoelectric focusing of Igs, which are normally electrophoretically quite heterogeneous, affords a means of fractionation that does not involve or require modification of the native structure. However, it was not possible with focused Ag and focused Ab to prepare IC that were sufficiently cationic to deposit in the glomerular basement membrane. Consequently, chemical modifications of BGG were used to provide more highly cationic (and also anionic) Ag. The methods used each provide a net alteration of two charges for each side chain modified. Corresponding treatment of the anti-BGG Ab greatly inhibited its ability to precipitate with BGG Ag. Hence, the relationship between charge and localization was best studied with IC made with unmodified focused fractions of Ab (pl, 2.5-5.0; 6.5-7.0; > 8.0) and the chemically modified cationic or anionic Ag. Pronounced differences according to IC charge were observed: the most cationic IC clearly localized in the peripheral glomerular basement membrane while anionic and heterogeneous Although the significance of charge ofthe circulating immune reactants in the present experiments seems clear, the sequence by which the deposition occurs is not certain. In the past, the general failure to find deposits in subepithelial spaces after the intravenous injection of IC, though such deposits are readily found after passive administration of Ab to renal tubular Ag in the model of passive Heymann nephritis, has suggested that subepithelial deposits result from in situ formation (9) . Our observations, on the other hand, support the idea that direct deposition of circulating IC may be a mechanism in some systems. In our experiments Ag and Ab were both deposited in the same sites of the glomerular basement membrane soon after injection of the most cationic IC. Furthermore, when mice were sacrificed immediately after injection ofcationic IC, both BGG and RGG were present. Thus, at no time was cationic Ag detectable in the absence of Ab after injection of cationic IC.
However, since the free chemically modified cationic Ag by itself was able to bind to glomerular basement membrane, variations on the planted Ag mechanism cannot be excluded from a role in the deposition of the cationic IC. ICs containing occasional free Ab combining sites could bind to excess free cationic Ag previously deposited alone. If this were so, IC formed from the chemically modified cationic Ag and the anionic focused Ab might have lodged equally well as those formed from the cationic or neutral fractions of focused Ab. This was not the case. Alternatively, free Ab dissociated from circulating IC could cross the glomerular basement membrane and bind to the planted cationic Ag. In this event, free cationic Ab would be more likely to cross the basement membrane than free anionic Ab. This possibility is also considered less likely because the Ab are in Ag excess and are bivalent, which favors multipoint binding. Thus, it is improbable for a whole Ab molecule to diffuse completely away from the IC. It must be emphasized that the various mechanisms just discussed for leading to the deposition of the cationic IC are by no means mutually exclusive.
Under other circumstances, IC containing cationic Ag could form in situ in the glomerular basement membrane. Any sufficiently cationic substance, whether of endogenous or exogenous origin, that reaches the circulation could potentially bind through electrostatic interaction, independent ofany immune mechanism. If the process were short lived, it would not necessarily be deleterious. However, ifthe cationic deposit were antigenic, an Ab response could ensue and the resulting IC formed in situ could bring about an immunologically mediated inflammatory response. (11) and by the interaction of DNA, a polyanion, with collagen of isolated glomerular basement membrane (38) . Thus, it is quite likely that a multiplicity of factors can contribute to IC localization in the glomerulus. These remain to be demonstrated in human forms of glomerulonephritis.
